Two molecular processes, the binding of acetylcholine to the membrane-bound acetylcholine receptor protein and the receptor-controlled flux rates of specific inorganic ions, are essential in determining the electrical membrane potential of Serve and muscle cells. The measurements reported establish the relationship between the two processes: the acetylcholine receptor-controlled transmembrane Changes in the transmembrane potential of the cell are determined by protein receptors in the membrane that, upon binding appropriate small molecules, change the permeability of the membrane to specific inorganic ions (1-4). Determining the relationship between the ligand-binding reaction and the receptor-controlled fluxes of specific inorganic ions through the cell membrane is the purpose of the experiments described here.
tylcholine receptor-controlled transmembrane ion flux of 86Rb+ and the concentration of carbamoylcholine, a stable analog of acetylcholine. A 200-fold concentration range of carbamoylcholine was used. The flux was measured in the millisecond-tominute time region by using a quench flow technique with membrane vesicles prepared from the electric organ of Electrophorus electricus in eel Ringer's solution at pH 7.0 and 10C.
The technique makes possible the study of the transmembrane transport ofspecific ions, with variable known internal and external ion concentrations, in a system in which a determinable number of receptors is exposed to a known concentration of ligand. The response curve of ion flux to ligand was sigmoidal with an average maximum rate of 84 sec1. Carbamoylcholine induced inactivation of the receptor with a maximum rate of 2.7 seci and a different ligand dependence so that it was fast relative to ion flux at low ligand concentration but slow relative to ion flux at high ligand concentration. The simplest model that fits the data consists of receptor in the active and inactive states in ligand-controlled equilibria. Receptor (1) (2) (3) (4) . Determining the relationship between the ligand-binding reaction and the receptor-controlled fluxes of specific inorganic ions through the cell membrane is the purpose of the experiments described here.
The receptor studied is the acetylcholine receptor in the excitable membrane of the electric organ of Electrophorus electricus (3). Nachmansohn (1) (2) (3) (4) suggested that the action of acetylcholine is an intramembranous process controlling ion permeability in both synaptic and axonal membranes. Acetylcholine induces a conformational change that results in the opening of ion-conducting channels through the membrane (1) (2) (3) (4) . Since then, the acetylcholine receptor has been isolated in many laboratories and its ligand binding properties have been thoroughly investigated (for recent reviews see refs. [5] [6] [7] [8] [9] . The relationship of these ligand-binding processes to transmembrane ion flux and the resulting changes in transmembrane potential is not fully understood.
Development of the technique of studying transmembrane processes with vesicles (10) (11) (12) , the preparation of vesicles rich in acetylcholine receptor in the native membrane (13) (14) (15) , and the resolution of the receptor-controlled ion flux from other processes (16) (17) (18) (19) now allow direct measurement of the effect of acetylcholine receptor ligands on the rates of ion translocation through the membrane in a well-defined system. We found (20) that the receptor controlled flux is biphasic with an initial phase too fast to be measured by available techniques. Subsequently, we developed (21) a method for measuring the rapid ion flux in the millisecond-to-minute time region. Here we report the ligand concentration dependence of the acetylcholine receptor-mediated transmembrane ion flux over a 200-fold concentration range of carbamoylcholine, a stable analog of acetylcholine.
MATERIALS AND METHODS
Electric eels (Electrophorus electricus) were obtained from World Wide Scientific Animals, Ardsley, NY. The vesicles were prepared by a modification (22) of the procedure of Kasai and Changeux (13) (24) . The vesicle suspension (t800 jug of protein per ml, 0.225 ml) was mixed with an equal volume of the carbamoylcholine solution containing radioactive tracer ion (86RbCl, 100 ,Ci/ml). After a predetermined time the reaction mixture was quenched by mixing with a solution of d-tubocurarine chloride (30 mM, 0.225 ml), the vesicles were immediately removed from the mixture with a Millipore filter (HAWP 025), and the quantity of 86Rb+ in the vesicles was determined by scintillation * To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with Fig. 1 . With 1 mM and 2 mM carbamoylcholine ( Fig. la) , a progressive slowing of the rate was observed, which we attribute to ligand-induced inactivation of the receptor. With higher concentrations of this ligand, the ion flux was substantially complete within 100 msec, before inactivation was significant. With lower concentrations ( Fig. lb) , inactivation was complete before ion flux, the initial flux rate constant decreased to a constant value, and the influx was completed in several minutes at a rate characteristic of the inactivated receptor.
The first-order rate constants for ion flux, J, and inactivation, a, were obtained by a curve-fitting procedure over a wide range of carbamoylcholine concentrations (0.1-20 mM). With various preparations, at a given ligand concentration, a was constant within our experimental error, but J showed variations with the preparation. With eight different vesicle preparations from six different eels, J at 1 mM carbamoylcholine was 3.1 ± 1.4 sec1. We consider the variation in J to reflect the variation of the number of receptor sites capable of forming channels per unit internal volume in different vesicle preparations. Influx rates from different preparations were compared after normalization of J by using values determined at 1 mM carba- moylcholine. The dependence of influx rate constant, J, on ligand concentration shows a sigmoidal shape (Fig. 2) . This curve indicates that two ligand molecules per channel are required for ion flux.
The method we have adopted to arrive at a model consists of accounting for experimental results in terms of the minimum number of intermediates and using the minimum number of constants. The simplest model to which we can fit our data is shown in Fig. 3 . This scheme comprises receptor in the active state, A, and in the inactive state, B, as suggested by Katz and Thesleff (25) vesicles. The rate of movement of a specific inorganic ion across the membrane can be determined. Measurements can be made in controlled conditions not limited by the metabolic restrictions present in intact cells. Internal and external ion concentrations can be varied and accurately known. The number of receptors exposed to a known concentration of ligand can be determined. When ligands are applied to the surface of cells iontophoretically, it is difficult to specify the number of receptor sites exposed to a definite concentration of ligand.
Electrical noise analysis of acetylcholine receptor-mediated conductance changes in cells measures the initial transfer rate of ions per receptor-formed channel (26, 27) . So far, these measurements have been limited to low concentrations of receptor ligands because complexities of interpretation at high ligand concentrations have not been solved. In experiments with vesicles, not only can measurements be made over a wide range of ligand concentration, but one can also observe the timecourse of the complete equilibration of inorganic ions across the membrane. As we have shown, the time-resolution of the quench flow technique is sufficient to measure this equilibration process. The rate constants that we evaluate allow one not only to determine the initial ion flux rates that can be obtained in electrical noise analysis but also to predict the time course of the receptor-controlled flux over a wide range of ligand concentration.
The molecular mechanism of receptor-controlled ion flux can be evaluated by many different types of quench flow measurements in addition to those described here. The value of a can be obtained from direct measurements of the rate of inactivation; the values of KC1, KC2, and K2 can be obtained directly from measurements of the flux after inactivation over a wide range of ligand concentration, and the rate of recovery of the inactive receptor can be determined and gives further information about the mechanism.
We have expanded the original model of Katz and Thesleff (25) . Our model requires the binding of two ligand molecules for channel opening, and cooperativity results from the channel opening process itself. Two ligand-binding sites were also required to account for the reaction of the specific snake neurotoxin, a-bungarotoxin, in experiments with similar eel vesicle preparations, and the minimum reaction schemes are essentially similar (28, 29) . A number of electrophysiological experiments (25, (30) (31) (32) (33) (34) (35) (36) . Assuming equivalent binding sites, the equilibrium constant for channel opening, '-1, could be determined from our data (Fig. 4) . If Katz and Thesleff (25) , the postulation of free B was required to account for the relatively fast recovery from inactivation after removal of ligand (25) . With the scheme presented here, a difference in the rates of recovery from L2B and LB is predicted. Thus 
